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ABSTRACT
Radon is a radioactive gas that potentially causes lung cancer after long-term exposure.
This thesis investigated the confluent impact of geology, housing characteristics, and season on
indoor radonand identified the significant factors associated with elevated radon levels in Atlanta
metropolitan area, USA. Using the data obtained from the private vendor, Air Chek, this study
identified hot spots of high radon levels. The hot spots were found in Douglas, Fulton, DeKalb,
and Gwinnett. Through binary logistic regression analysis, this study identified that the granite and
orthogneiss bedrock, the ranch-style house, the presence of a basement, and the test in cold seasons
were more likely to report test results above 4.0 pCi/L, the action level of radon recommended by
the U.S. Environmental Protection Agency. This study may provide the decision-makers in local
governments a valuable insight into establishing the radon policies for indoor radon testing and
remediation to improve public health.
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1

INTRODUCTION

Radon is an invisible, scentless, and radioactive gas that generates in the decay chain of
uranium (238U) in rocks, soils, and groundwater (Lorenzo-Gonzalez et al., 2017; Skeppström &
Olofsson, 2007). Uranium (238U) decays to radium (226Ra), which in turn decays to three
isotopes, 222Rn (Radon), 220Rn (Thoron), and 219Rn, with a half-life of 3.82 days, 54.5 seconds,
and 3.92 seconds respectively (Kulalı et al., 2018; The U.S. Environmental Protection Agency,
2020b).

222

Rn, with the most prolonged half-life, decays continuously into its daughter nuclei

Polonium isotopes (218Po, 214Po, and 210Po) and finally becomes a stable 206Pb (Ielsch et al., 2010;
Kulalı et al., 2018; The U.S. Environmental Protection Agency, 2020b). It takes a long time for
222

Rn to decay to 206Pb through Polonium isotopes. Within the timeframe, the ionizing radiation

of alpha particles is continuously released (Skeppström & Olofsson, 2007; The U.S.
Environmental Protection Agency, 2020a). Consequently, people who have inhaled 222Rn in the
air for a long time may experience health deterioration due to enduring radiation exposure
(Skeppström & Olofsson, 2007).
For this reason, radon is a known human carcinogen (The U.S. Environmental Protection
Agency, 2020a; World Health Organization, 2009). The World Health Organization (WHO) has
defined radon as the leading cause of lung cancer following smoking (World Health
Organization, 2009). The U.S. National Toxicology Program has pointed out radon as a Group
A carcinogen (National Toxicology Program, 2021). Radon and its daughter nuclei stick to the
aerosols in the air and enter the lungs through inhalation (Martins et al., 2013; Reddy et al.,
2022). Most radon inhaled comes out with exhalation, but some of it is absorbed into the bronchi
and lungs. The alpha ionizing radiation emitted in radon decay steps causes severe cell and DNA
damage (Lorenzo-Gonzalez et al., 2017; Reddy et al., 2022; Sethi et al., 2012). It has been
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reported in Europe that radon exposure has contributed to about 9% of all lung cancer deaths
(Xie et al., 2017). It has also caused 2% of all cancer deaths (Xie et al., 2017). According to the
United States Environmental Protection Agency (EPA), long-term exposure to radon above 4.0
pCi/L (picocuries per liter of air) contributes to 62 lung cancer cases per 1,000 smokers and
seven lung cancer cases per 1,000 non-smokers (Haneberg et al., 2020). Herein, Curie (1 Ci
=3.7×1010 radon disintegrations per second) and Becquerel (1 Bcq=1 radon disintegration per
second) are units used to measure radon levels (Gallaway et al., 2019; Sethi et al., 2012; Taylor
et al., 1993). The U.S. EPA recommends 4.0 pCi/L (12,500 radon disintegration per day) as the
action level of radon (Kansas State University, 2009; The U.S. Environmental Protection
Agency, 2020a). It also reported that indoor radon exposure contributes to about 21,000 deaths
each year in the United States (Gallaway et al., 2019; Kellenbenz & Shakya, 2021; The U.S.
Environmental Protection Agency, 2020a). It is worth noting that this number is approximately
50% higher than the 10,100 deaths in 2019 recorded from drunk driving (National Highway
Traffic Safety Administration, 2020). Given that there is no safe level for radon (Shendell &
Carr, 2013; World Health Organization, 2009), remediation is also needed in areas where radon
level is below 4.0 pCi/L. While outdoor radon continues to diffuse into the air, indoor radon
accumulates on the floor of an isolated space (Kellenbenz & Shakya, 2021). As a result, the
average indoor radon level is 1.3 pCi/L, which is 3.25 times higher than the outdoor radon level
of 0.4 pCi/L (Kellenbenz & Shakya, 2021; The U.S. Environmental Protection Agency, 2020a).
Thus, indoor radon requires careful attention and frequent measurement to prevent severe public
health consequences.
More than 85% of indoor radon enters a house through cracks and holes in the house’s
foundation after being generated from uranium in the rocks, soils, and groundwater (Gümüş &
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Yalim, 2019; Giri & Pant, 2018; Bezuidenhout, 2019). Therefore, the indoor radon levels are
reported to be associated with the geological and geographical environment around the house.
The housing structure and materials used for construction, the meteorological parameters, and
the resident’s ventilation habit also affect indoor radon levels (Martins et al., 2013; Schubert et
al., 2018; Skeppström & Olofsson, 2007; Smith & Field, 2007). Many countries have already
developed their radon potential maps based on these risk factors to reduce the health damage
caused by radon exposure. They are trying to manage radon-prone areas having elevated radon
levels. But there should be more in-depth research to find radon-prone areas with more
probability of exposure to high radon levels by such risk factors (Borgoni et al., 2013;
Kellenbenz & Shakya, 2021).
During the COVID-19 pandemic, the quality of indoor living environments became
essential for population health to stay indoors to reduce the coronavirus exposure risks. Exposure
to indoor radon, the leading cause of lung cancer among non-smokers, will be harmful.
Considering that there have been an estimated 7,700 new cases and 4,100 deaths in 2022 in lung
and bronchus cancer in Georgia (American Cancer Society, 2022), this thesis aims at
understanding the spatial variation of radon and radon risk factors in the Atlanta metropolitan
area. The research will improve radon awareness, increase radon-testing activities, and establish
effective radon policies.

4
2
2.1

LITERATURE REVIEW

What is radon?
Radon (222Rn) is an invisible, scentless, and radioactive gas that is generated in the process

of radioactive decay of uranium (238U) in rocks, soils, and groundwater (Kellenbenz & Shakya,
2021; Kitto & Green, 2008). Uranium exists in most rocks and soils in the form of 238U, 235U, and
234

U (Skeppström & Olofsson, 2007). 238U is the most abundant uranium isotope, accounting for

more than 99% of all uranium (Taylor et al., 1993). Uranium (238U) decays to radium (226Ra),
which in turn decays to three isotopes,

222

Rn (Radon),

220

Rn (Thoron), and

Rn (Kulalı et al.,

219

2018; Taylor et al., 1993; The U.S. Environmental Protection Agency, 2020a).
the continuous decay steps until the stable isotope
Polonium isotopes (218Po,

214

Po, and

210

222

Rn undergoes

206

Pb (lead) through its daughter nuclei

Po) (Ielsch et al., 2010; Kulalı et al., 2018; The U.S.

Environmental Protection Agency, 2020b).

2.2

Radon’s health risk
Radon is considered a carcinogen, and it is the leading cause of lung cancer following

smoking (Reddy et al., 2022; World Health Organization, 2009). The U.S. National Toxicology
Program has pointed out radon as a Group A carcinogen (Borgoni et al., 2014; Cinelli et al., 2011;
National Toxicology Program, 2021). Radon is considered a carcinogen because various types of
radiation, especially ionizing radiation of alpha particles, are emitted in radon decay steps (Borgoni
et al., 2014; Cinelli et al., 2011). Radon and its daughter Polonium nuclei (218Po, 214Po, and 210Po)
stick to the aerosols in the air and enter the lungs through inhalation (Martins et al., 2013; Reddy
et al., 2022). Most radon is exhaled, but some are absorbed into the bronchi and lungs. In the radon
decay steps, the continuous emission of alpha ionizing radiation adversely affects human health in
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terms of lung tissue, respiratory system, and DNA damage (Lorenzo-Gonzalez et al., 2017; Reddy
et al., 2022; Sethi et al., 2012).
Radon and Polonium nuclei are responsible for 40-50% of the annual radiation dose
(Lorenzo-Gonzalez et al., 2017). A strong association between radon exposure in the long term
and lung cancer has been reported, and approximately 21,000 lung cancer deaths have occurred
each year in the United States due to radon exposure (The U.S. Environmental Protection Agency,
2020a). Radon exposure to smokers exacerbates health risks, given that about 18,000 of those
deaths are smokers.
Many current studies focus on the correlation between radon and lung cancer (Field et al.,
2000). Other ongoing research focuses on the risk between radon and non-Hodgkin’s lymphoma,
leukemia, and thyroid cancer (Goyal et al., 2015; Ha et al., 2017). Considering that long-term
exposure to radon causes fatal health damage, radon testing and remediation are urgently needed.

2.3

Radon variation in space
Indoor radon levels vary spatially. It is reported that the followings affect the spatial

distribution of indoor radon: geology, housing characteristics, meteorological parameters,
resident’s living style, and their complicated interactions in given areas (Andersen et al., 2001;
Cinelli et al., 2011; Ielsch et al., 2010; Kitto & Green, 2008; Minda et al., 2009). Many countries,
including Belgium, Canada, Hungary, Spain, and United States, have developed the radon maps
to examine the spatial variation of radon in their territories (Cinelli et al., 2011; Drolet et al., 2014;
Haneberg et al., 2020; Ielsch et al., 2010; Minda et al., 2009). They have also identified the radonprone areas and presented measures to mitigate radon exposure (Cinelli et al., 2011; Drolet et al.,
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2014; Haneberg et al., 2020; Ielsch et al., 2010; Minda et al., 2009). The radon-prone area has
many houses with a high risk of elevated radon exposure (Cinelli et al., 2011).
The most common way to create a radon map is to use the mean/median value of indoor
radon measurements collected through a large-scale national radon campaign. An example of such
measurements was made in Galicia in Spain. Their result was that 60% of houses with median
radon measurements exceeded the WHO’s recommended reference level (2.7 pCi/L); thus, Galicia
was determined as a radon-prone area (Lorenzo-Gonzalez et al., 2017). These radon measurements
can be used for hot spot analysis, identifying the spatial variability of radon and potential radonprone areas. Using hot spot analysis, a study in Georgia’s DeKalb County found clusters of high
radon levels in the north and central areas (Dai et al., 2019). In this regard, characterizing the
spatial variability of radon can promote radon test participation, practical radon reduction
campaigns for missing radon-prone areas, and radon policy establishment for new buildings within
radon-prone areas (Kitto & Green, 2008).

2.4

Radon risk factors
2.4.1

Geological factor

The geological features around a house influence indoor radon levels (Dai et al., 2019;
Kellenbenz & Shakya, 2021; Smith & Field, 2007). The following geological features have been
considered to examine the relation with radon levels: lithology type, uranium content in soils, soil
permeability, and faults (Berens et al., 2017; Ielsch et al., 2010; Kitto & Green, 2008; Smith &
Field, 2007).
The quantity of radon emitted varies with the bedrock types (Haneberg et al., 2020). The
granite, gneiss, metamorphic rock, and acid volcanic rock have high uranium levels; granite rock

7
is the most potent. The houses on these bedrocks tend to have elevated radon levels (Borgoni et
al., 2013; Kitto & Green, 2008; Minda et al., 2009). For instance, high radon potential areas in the
Western Cape province of South Africa were distributed along the slopes exposed to the granites,
which indicates a positive relationship between uranium concentrations in granite and indoor radon
levels (Bezuidenhout, 2019). A study in Amarante of northern Portugal showed that more indoor
radon was emitted in dwellings on granites and groundwater close to granites than in
metasediments (Martins et al., 2013). Many houses in Galicia in Spain were mainly placed on
granite bedrock, making it a radon-prone area (Lorenzo-Gonzalez et al., 2017). Another study
reported that radon dissolved in aquifers in granite could be diffused through water pipes and
increase indoor radon levels (Bruno, 1983).
Soil permeability is a significant indicator of radon entry. A study in New York described
that many towns built on permeable gravel and sand had radon above 4.0 pCi/L (Kitto & Green,
2008). While the limestone areas with many caves and fractures in Kentucky had the highest indoor
radon levels, the shale areas containing low-permeability clay had low indoor radon levels
(Haneberg et al., 2020). These studies suggested that soil permeability affects indoor radon levels
as much as bedrock types.
Faults are also evidenced to contribute to indoor radon levels. Radon generated in the
uranium-containing bedrock was easily released to the surface along the active fault zones (Gümüş
& Yalim, 2019). Faults, fractures, and cracks in rocks may play a role in the radon transport
pathway and lead to greater radon discharge to the surface (Dai et al., 2019; Kellenbenz & Shakya,
2021). These findings indicate that the distributions of bedrock type, soil permeability, and faults
need to be considered together when analyzing indoor radon levels (Borgoni et al., 2013).
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2.4.2

Housing factor

Geological formations around a house are the primary source of indoor radon, but the
specific housing structure (De Francesco et al., 2010; Smith & Field, 2007) and housing materials
(Giri & Pant, 2018) also affect radon entry and accumulation. Thus, indoor radon levels vary within
a neighborhood depending on housing characteristics (Cinelli et al., 2011; Dai et al., 2019; Smith
& Field, 2007). For instance, some newer houses presented higher radon levels than older houses
(Valmari et al., 2012). It is related that the more recent houses have excellent insulation but may
affect poor ventilation. Additionally, farmhouses and detached houses in rural areas had higher
radon levels than multi-story apartments in cities. Their foundation type was low-quality concrete
slabs facilitating radon entry from the soils (Arvela et al., 2014). The low floor within the same
house generally had elevated radon levels than a high floor. Specifically, radon levels in a
basement were significantly higher than those on the first and second floors. This result was due
to direct contact with the soil where radon enters indoors, the accumulation of radon on the floor,
and poor ventilation before it decays (De Francesco et al., 2010; Valmari et al., 2012). Further, A
study in Pennsylvania found that the mean radon concentrations in houses with a basement were
about 20 pCi/L at the first measurement, even though the concentrations decreased in subsequent
measurements (Casey et al., 2015).
In addition to the housing structure, the housing materials such as stone, gravel, sand,
cement, and the insulating gypsum can increase indoor radon levels (Cosma et al., 2013; Giri &
Pant, 2018; Martins et al., 2013). A study in Hungary found that more than 20% of single-story
houses with brick, concrete, or stone walls exceeded 5.4 pCi/L (Minda et al., 2009). A study in
India showed that the houses made of mud and sandstone had the highest radon levels due to
unplanned construction and poor ventilation system (Giri & Pant, 2018). Additionally, the granite
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countertops in many houses were a source of radon (Sarrou & Pashalidis, 2017). it is expedient to
be conscious of radon exposure even when selecting the interior housing materials.

2.4.3

Meteorological factor

While the geology and housing characteristics are strongly associated with indoor radon
levels, seasonal variation also plays a significant role in radon level changes (Schubert et al.,
2018). Indoor radon levels can fluctuate seasonally, depending on meteorological parameters
such as temperature, precipitation, air pressure, and relative humidity. Significantly, the seasonal
differences inside and outside in temperature and air pressure lead to diffusion and convection
of indoor radon (Schubert et al., 2018).
In general, radon levels were higher in winter (Giri & Pant, 2018; Lorenzo-Gonzalez et al.,
2017; Martins et al., 2013). When the heated air in winter exits through the roof or window,
indoors become relatively low pressure (United Nations Environment Programme, 2016). In this
circumstance, radon in soils actively comes into a house through cracks on the foundation
(United Nations Environment Programme, 2016). Additionally, lower ventilation rates during
winter make radon considerably accumulate on the floor (Giri & Pant, 2018; Lorenzo-Gonzalez
et al., 2017; Martins et al., 2013). However, the seasonal radon variability varies in regions due
to the local meteorological environment and residents’ seasonal behaviors. A study in Italy
demonstrated that the highest radon levels were in rainy autumn (De Francesco et al., 2010). The
rainy season lowered the pressure around the house, and the soil moisture increased so that radon
easily entered the house from soils. On the other hand, the radon levels in Arizona and Alabama
were highest in summer due to increased operation rates of air conditioners and more sealed
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indoors in summer (Xie et al., 2015). As such, indoor radon levels reflect the local climate and
seasonal changes.

2.5

Inspiration from previous research
Most study areas for radon were the Northern or Midwest states (Pennsylvania, Kentucky,

and Illinois), where radon levels are presumably high. The proportion of counties with radon
potential above 4.0 pCi/L is relatively low in the southern states than in the northern states.
However, the counties with high and moderate radon potential (zone 1 and zone 2) also exist in
southern states, as shown in Figure 1 (The U.S. Environmental Protection Agency, 2019b).
Therefore, the effort for radon mitigation is equally needed in the southern states.

Figure 1 The EPA radon potential map (The U.S. Environmental Protection Agency, 2019b)

11
Furthermore, previous studies have concentrated on conducting radon studies on national,
municipal, and city scales, respectively, based on radon measurement campaigns (Kitto & Green,
2008). But little has been done at the metropolitan area level; hence my research concentrated
in Atlanta metropolitan area.
Additionally, most of the studies investigated the influence of geology on radon, the impact
of geology and housing characteristics on radon, or the variability of radon levels depending on
meteorological environment variables. There is little understanding regarding the confluent
effect of geology, housing characteristics, and meteorological parameters that influence radon
levels. Therefore, this study considered geology, housing characteristics, and seasonal factors
together that impact elevated radon levels. Finally, it identified influential risk factors on radon
above the action level.

2.6

Research objectives and significance
This study raises the following research questions: where are elevated radon levels that

require remediation actions in the Atlanta metropolitan area? Furthermore, what risk factors
contribute to radon above 4.0 pCi/L, the U.S. EPA’s recommended action level?
To answer the research questions, this thesis aims to:
1. Identify the hot spots with elevated radon in the study area,
2. Evaluate the confluent impact of geology, housing characteristics, and season on radon
above the action level, and
3. Determine the significant risk factors on radon above the action level.
This study hypothesizes that the counties with radon above the action level exist in the
Atlanta metropolitan area. Also, this study proposes that radon above the action level is not
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randomly distributed but is associated with a specific bedrock type and housing characteristics
and varies by season.
This thesis contributes to the literature that provides knowledge for decision-makers in
southern states to prioritize the counties for increased radon surveillance by answering the
research questions. Moreover, findings in this study improve the understanding of the confluent
impact of multiple environmental parameters on radon above the action level and help develop
the essential identifiers to determine the elevated radon levels.

3
3.1

RESEARCH DESIGN

Study area
The study area includes ten counties—Carroll, Clayton, Cobb, DeKalb, Douglas, Fayette,
Fulton, Gwinnett, Henry, and Newton County—within the Atlanta metropolitan area in
Georgia, USA (Figure 2). The selection of the regions was dictated by the availability of radon
and geological data in the area. According to the U.S. Census Bureau, the total area of these
counties is approximately 8,000 km2, and their total population is about 4,500,000 (The U.S.
Census Bureau, 2020). The study area is one of the most populous and economically fastestgrowing areas in the south-eastern United States. This study area has a humid subtropical
climate with four seasons.
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Figure 2 The study area in Atlanta metropolitan area, Georgia, U.S.A

3.2

Data source
3.2.1

Radon data

This study obtained 8,472 radon-testing results from 1990 to 2015 from Air Chek,
Incorporated. There were 2,583 duplicates and 2,330 records without housing data. Excluding both
types of data, 3,599 records were remaining for analysis. This study took the first test result and
removed its duplicate because the difference between the first and follow-up radon levels was
generally within the error range of ±1 pCi/L. The use of the first test is justified by the statement
from the U.S. EPA that there may be an accuracy error of ±1 pCi/L in using a radon test kit (The
U.S. Environmental Protection Agency, 2020a).
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In contrast to the relatively constant radon levels, some showed a significant decrease from
above 4.0 pCi/L in the first test to below 4.0 pCi/L in follow-up tests. This decrease may have
resulted from the resident’s efforts to eliminate radon through ventilation or remediation. In this
case, the follow-up tests were considered to be inapplicable. In extreme cases, some houses
conducted radon tests more than five times. The reason behind the repeated tests was unclear;
therefore, only the first test result was used. Air Chek’s test kit contains activated charcoals that
measure indoor radon levels. The residents hung the test kit on the wall in the basement, first floor,
or second floor for a maximum of seven days, and then they sent it to Air Chek’s laboratory to
check radon levels. The radon result was recorded along with the house address, test date, test
location, and latitude and longitude.

3.2.2

Geological data

Based on the most recent geology map (Figure 3) (Higgins et al., 2003), the bedrock
types (Figure 4) were digitized as polygons in ArcGIS. The names, locations, and the areas of
bedrock types were recorded together. There were seven major bedrock types and 82 subtypes
digitized in the study area. The seven bedrock types are allochthonous oceanic assemblage,
fault rocks of protolith known, fault rocks of protolith unknown, granite and orthogneiss,
parautochthonous Laurentian continental margin assemblage, sheared and altered rocks in
fault zones, and xenoliths and roof pendants in carboniferous granite. These were used for this
study because granite and orthogneiss may cause elevated radon levels due to high uranium
content (Bezuidenhout, 2019). Among seven bedrock types, three specific bedrock types,
including Allochthonous oceanic assemblage, parautochthonous Laurentian continental
margin, and granite and orthogneiss, covered a large area. The subtypes have too many
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categories, resulting in a small sample size in each category and affecting the reliability of the
subsequent statistical analysis.

Figure 3 The geologic map of Atlanta in Georgia, created by the United States Geological
Survey (Higgins et al., 2003)

Figure 4 The bedrock types in the study area, digitized based on a geologic map from the
United States Geological Survey (Higgins et al., 2003)
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3.2.3

Housing data

The housing data included the housing age, story, exterior wall type, the presence of a
basement, and finished basement size. Except for Gwinnett and Clayton County, the housing
data

for

eight

counties

were

obtained

from

Beacon

and

qPublic.net™

(www.qpublic.schneidercorp.com/). This portal provides the property records such as housing
type and structure, housing material, and housing value. Gwinnett data were obtained from the
Gwinnett tax assessor office. Clayton’s data were compiled from three private real estate
websites (Realtor, Zillow, and Redfin) because Beacon and qPublic.net™ don’t provide their
housing information.
Specifically, the housing age means how old a house was by 2020, calculated by
subtracting the housing-built year from 2020. The housing age was collected to examine if the
older houses emanate more radon, assuming that older houses may have more cracks on the
foundation through which radon enters compared to newer houses. The housing types were
classified into 1-story, 1.5-story, and 2+-story. The exterior wall types were classified into nine
groups: asbestos, brick, cinder block, composition, concrete block, stone, stucco,
vinyl/aluminum, and wood. Also, data were collected on whether a house had a basement or
not. Lastly, the finished basement size was used to determine if a larger finished basement size
contributes to high radon levels. And then, all housing data were joined to the radon tests in
ArcGIS by using the radon locations overlaid with the housing locations.

3.2.4

Season Data

The season data was created based on the radon test date recorded in the database. The
season was categorized as followings: spring (March, April, May), summer (June, July, August),
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autumn (September, October, November), and winter (December, January, February). It is noted
that the seasons, especially temperature and air pressure, may change in different years. So, this
classification may only reflect the general seasonal changes and may not accurately reflect the
weather in a particular year.

3.3. Methods
3.3.1. Comparison of radon levels in relationship to variables
The box and whisker plots were created to examine the general trend of variation in radon
levels when the variables were explored. Instead of raw radon values, the natural logarithm radon
values were used to visualize the difference in radon levels.

3.3.2. Hot spot analysis
The optimized hot spot test in ArcGIS was performed to map the statistically significant
geographic clusters that had a higher concentration of high radon tests compared to a random
distribution of radon tests. The optimized hot spot test also uses the Getis-Ord Gi* statistic (ESRI,
2021). This thesis selected the default values for parameters. The optimized results were then
mapped to show geographical clusters of high radon tests.

3.3.3. The correlation between radon and various risk-factors
Pearson’s Chi-square test and the bivariate correlation test in IBM SPSS 28 (IBM Corp.
Armonk, NY, USA) were performed to understand the correlation between radon and the geology,
housing characteristic, and seasonal variables. The Chi-square test is practical when evaluating the
correlation between two categorical variables. The used categorical variables were bedrock type,
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housing story, exterior wall type, the presence of a basement, and season. Radon tests were
dichotomized into 0 for radon below 4.0 pCi/L and 1 for radon above 4.0 pCi/L. Thus, the Chisquare test assessed the likelihood of having the action level of radon when a categorical variable
is analyzed. The bivariate correlation test showed both the strength and direction of the correlation
between continuous variables (housing age and finished basement size) and the natural logarithm
radon values.

3.3.3 The confluent impact of various risk factors on radon
The binary logistic regression analysis was used to evaluate the confluent impact of
geology, housing characteristics, and season on indoor radon levels. This analysis was to identify
significant risk factors predicting radon above 4.0 pCi/L, the U.S. EPA’s recommended action
level. The backward elimination method was selected first to remove the statistically insignificant
variables for a better-fitted model. And then, a regression model was developed using the
influential risk factors on the likelihood of having radon above the action level.
Using the binary logistic regression analysis was appropriate because the dependent
variable was dichotomized into two groups: 0 for radon below 4.0 pCi/L and 1 for radon above
4.0 pCi/L. A model analyzed the likelihood of a house with radon exceeding the action level of
radon. The strength of this analysis is that all types of explanatory variables (the categorical
variables, continuous variables, or both) can be used. In this study, five categorical variables
(bedrock type, housing story, housing exterior wall type, the presence of a basement, and radontested season) and two continuous variables (housing age and finished basement size) were used.
Particularly, because each categorical variable has two or more categories, one reference category
must be determined to compare the reference category with the rest categories in SPSS (Table 1).
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Table 1 The reference category in categorical variables
Categorical
variable

Bedrock
type

Housing
story

Exterior
wall type

Categories
compared with the reference category
Allochthonous oceanic assemblage
Fault rocks -protolith known
Fault rocks -protolith unknown
Granite and orthogneiss Parautochthonous Laurentian continental margin
Sheared and altered rocks in fault zones
Xenoliths & roof pendants in carboniferous
granites
1.5-story
1-story
2+-story
Asbestos
Cinder block
Composition
Concrete block
Brick
Stone
Stucco
Vinyl/aluminum
Wood
Reference category

Basement
presence

No-basement

Basement

Season

Summer

Spring
Autumn
Winter

The goodness-of-fit of a binary logistic regression model was evaluated based on a chisquare value and p-value in Homer & Lemeshow test. As this test is one of the fitness tests, if the
estimated logistic model is fit, it approximately follows a chi-square distribution (Crowson, 2021).
P values must be greater than 0.05 to accept the null hypothesis meaning the estimated model fits
well (Crowson, 2021). The higher the model’s predictive power (R2), the higher the rate the given
variables explain the likelihood of a test falling into radon above the action level. Specifically, as
Nagelkerke R2 is closer to 1, the model predicts the probability of whether or not a test falls into
radon above the action level more accurately, using given explanatory variables (Crowson, 2021).
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4
4.1

RESULTS

Comparison of radon levels in relationship to variables
In Figure 5, four bedrock types (Allochthonous oceanic assemblage, Fault rocks-protolith

unknown, Granites and orthogneisses, and Parautochthonous Laurentian continental margin) had
significantly higher radon levels than other bedrock types.

Figure 5 The box and whisker plots of radon with bedrock type

In Figure 6, radon levels slightly increased as the housing age progressed from 1 to 60
years but sharply decreased as the housing age was more than 60 years. Therefore, older houses
(over 60 years old) had lower radon levels than newer houses. Figure 7 presented that 1-story
houses had a little higher radon levels than 1.5- story and 2+-story houses. Regarding housing
exterior wall types (Figure 8), the houses with brick, cinderblock, stucco, and wood were detected
to have slightly higher radon levels. Radon levels detected in houses with a basement were
significantly higher than those without a basement (Figure 9). Also, the houses with a finished
basement had higher radon levels than those with unfinished basements (Figure 10).
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Figure 6 The box and whisker plots of radon with housing age

Figure 7 The box and whisker plots of radon with housing story

Figure 8 The box and whisker plots of radon with exterior wall type
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Figure 9 The box and whisker plots of radon with basement presence

Figure 10 The box and whisker plots of radon with the presence of finished basement size

In Figure 11, the tests in autumn showed the highest radon levels, followed by the tests in
winter and spring. On the other hand, tests in summer had significantly lower radon levels.

Figure 11 The box and whisker plots of radon with season
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4.2

Radon hot spot analysis
Radon tests spatially varied in this study area, ranging from 0 to 54.4 pCi/L. The mean,

median, and standard deviation of the total 3,559 radon tests were 2.41 pCi/L, 1.7 pCi/L, and 2.85
pCi/L, respectively (Figure 12). The radon above 4.0 pCi/L accounted for 16.3% of 3,559 radon
tests, and the rest (83.7%) were radon below 4.0 pCi/L. As shown in Figure 13, the northeast
counties in the study area had more radon tests, and the number of radon tests was relatively sparse
in the southwest counties.

Figure 12 Histogram of radon

Figure 13 The radon sample locations and radon levels in the study area
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The optimized hot spot analysis suggested that the east of Douglas, the northwest of Fulton,
the northeast and south of DeKalb, and the south of Gwinnett County had clusters with multiple
hot spots shown as red circle dots (Figure 14). The U.S. EPA radon potential map classified these
four counties into zone 1 (the highest potential radon above 4.0 pCi/L) (Figure 15). Also, a few
hot spots were observed in the south of Cobb County and northeast of Carrall county. In contrast,
the hot spots were not found in the southeast and northwest counties in the study area. The hot
spots, clustered by tests with high radon levels, appear as a diagonal band along from northeast to
southwest counties in the study area. However, the uneven distribution of the testing activities may
affect the detection of hot spots in low-testing areas. Figure 16 shows how radon hot spots were
distributed on each bedrock type. In Dekalb and Gwinnett County, the radon hot spots were mainly
located on Allochthonous oceanic assemblage, Granites and orthogneisses, and Parautochthonous
Laurentian continental margin. In Fulton County, most hotspots were on Granites and
orthogneisses and Fault rocks-protolith unknown. In Douglas County, most were on Granites and
orthogneisses.

Figure 14 Hot spots and cold spots of radon samples
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Figure 15 The Georgia radon potential map, customized based on the U.S. EPA radon potential
maps (The U.S. Environmental Protection Agency, 2019a, 2019b)

Figure 16 The hot spots of radon samples and bedrock types
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4.3

Correlation analysis
Table 2 shows the correlation between radon levels and the aforementioned variables. For

the geology variables, radon above the action level (4.0 pCi/L) was statistically significantly
correlated with the houses on each of five bedrock types- allochthonous oceanic assemblage
(40.02), fault rocks-protolith known (4.34), fault rocks-protolith unknown (6.58), granite and
orthogneiss (32.48), and parautochthonous Laurentian continental margin (10.96). For the housing
variables, radon above the action level was statistically significantly associated with the houses
with 1-story (4.02), 2+-story (5.73), stucco exterior wall (4.8), vinyl/aluminum exterior wall (8.51),
and basement (105.28). Based on the Pearson correlation coefficient of 0.09 (p<0.01), the houses
with larger finished basement sizes were more likely to have higher radon levels. For the seasonal
variable, there was a statistically significant correlation between radon above the action level and
tests in summer (24.09) and autumn (33.83).
In summary, the most remarkable result in correlation analysis was that the presence of a
basement showed the greatest Chi-square value of 105.28, suggesting it may be a significant factor
in a house’s likelihood of having radon above the action level. The allochthonous oceanic
assemblage (40.02), granite and orthogneiss (32.48), tests in summer (24.09), and tests in autumn
(33.83) also showed relatively high Chi-square values, implying those variables may play a role
in testing radon above the action level for a house.
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Table 2 The radon potential in relationship to geology, housing characteristics, and season
The total number
of samples
Allochthonous oceanic assemblage
2096
Fault rocks -protolith known
178
Fault rocks -protolith unknown
249
Granites and orthogneisses
769
Parautochthonous Laurentian continental margin
203
Sheared and altered rocks in fault zones
60
Xenoliths& Roof Pendants in carboniferous
4
granites
Housing agea
3559
Housing story
1-story
2001
1.5-story
173
+
2 - story
1385
Exterior wall type
Asbestos
17
Brick
1667
Cinder block
2
Composition
3
Concrete block
72
Stone
40
Stucco
170
Vinyl/Aluminum
170
Wood
1418
Basement
3559
Basement absence
1300
Bsement presence
2259
Finished basement size (sq.ft.) a
3559
Spring
1105
Summer
735
Autumn
790
Winter
929
Variable

Person
Chi-square
40.02**
4.34*
6.58*
32.48**
10.96**
1.77
0.78
-0.01
4.02*
0.65
5.73*
1.36
0.33
1.67
0.59
0.01
2.3
4.8*
8.51*
0.03
105.28**
0.09
0.36
24.09**
33.83**
0.12

Housing age and finished basement size are continuous variables. The rest are categorical variables.
a
Pearson correlation coefficient and significance after natural log transformation of radon values.
*
Significance at the 0.05 level.
**
Significance at the 0.01 level.
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4.4

Binary logistic regression analysis
4.4.1

The confluent impact of risk factors on the likelihood of radon above the action
level

The housing age and the exterior wall type were removed in the backward elimination
process of binary logistic regression analysis. Eventually, a model was developed using five
significant factors: the bedrock type, the housing story, the presence of a basement, the finished
basement size, and the season (Table 3). Overall, Hosmer & Lemeshow test suggested a good fit
of a model by showing χ² = 9.781 (p=0.281 > 0.05). The model’s predictive power (meaning the
confluent impact of geology, housing characteristics, and season on radon above the action level (
4.0 pCi/L) was a little low as 10.6% (Nagelkerke R² = 0.106).

4.4.2

The significant risk factors

As shown in Table 3, three bedrock types (allochthonous oceanic assemblage, fault rocks
-protolith known, sheared and altered rocks in fault zones) regressed negatively in statistical
significance (odds ratio= 0.52, 0.43, 0.3 respectively, p<0.01). It indicates that the houses on these
three bedrock types were respectively 0.52, 0.43, and 0.3 times less likely to have radon above the
action level than those on granite and orthogneiss. In other words, the houses built on granite and
orthogneiss can be anticipated to be more likely to have radon above the action level than those on
three bedrock types. The other three bedrock types (Fault rocks-protolith unknown, Laurentian
continental margin, and Xenoliths & roof pendants in carboniferous granites) were not statistically
significant in association with radon above the action level.
The condition of 2+-story was a protective factor compared to 1-story or 1.5-story (odds
ratio=0.64, p<0.01). In other words, 1-story houses are more likely to have radon above the action
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level than 2+-story houses. The most potent risk factor for radon above the action level was the
presence of a basement (odds ratio=2.95, p<0.01), indicating that houses with a basement had a
considerable likelihood of having radon above the action level. The houses with a basement were
2.95 times more likely to have radon above the action level than those without a basement. On the
other hand, the finished basement size did not regress with a statistical significance. Therefore, the
likelihood of having radon above the action level was not affected by the change in finished
basement size.
The tests conducted in autumn, winter, and spring were statistically significantly associated
with radon above the action level compared to the tests in summer (odds ratio=2.68, 1.75 and 1.65,
respectively, p<0.01). The tests in cold seasons (autumn, winter, and spring) were 2.68, 1.75, and
1.65 times more likely to have radon above the action level than the tests in summer. Especially,
tests in autumn were the most likely to have radon above the action level. This result demonstrated
he seasons in which the radon tests were conducted significantly influenced the resulting radon
levels. In summary, the granite and orthogneiss bedrock, the ranch-style house, the presence of a
basement, and testing in cold seasons (autumn, winter, and spring) were evidenced as significant
risk factors associated with the action level of radon.

30
Table 3 The binary logistic regression model for predicting risk factors for radon above the
action level
Variables
Bedrock Type
Granites and orthogneisses
Allochthonous oceanic
Assemblage
Fault Rocks -protolith
known
Fault Rocks -protolith
unknown
Parautochthonous
Laurentian
continental margin
Sheared and altered rocks
in fault zones
Xenoliths & roof pendants
in carboniferous granites
Housing story
1-story
1.5-story
2 +- story
Basement
Finished basement size
Season
Summer
Spring
Autumn
Winter

B

S.E.

Odds
Ratio

Sig.

C.I.

0.00**
(0.42, 0.65)

-0.66

0.11

0.00**

0.52

-0.86

0.26

0.001**

0.43

(0.25, 0.71)

-0.16

0.18

0.390

0.86

(0.6, 1.22)

0.01

0.19

0.968

1.01

(0.69, 1.46)

-1.2

0.44

0.007**

0.3

(0.13, 0.72)

-19.54

19977.4

1.0

0.00

0.00

0.21
0.1
0.12
0.00

0.00**
0.79
0.00**
0.00**
0.16

0.95
0.64
2.95
1.00

(0.62, 1.43)
(0.53, 0.78)
(2.32, 3.77)
(1.0, 1.0)

0.99

0.15

0.00**
0.00**

2.68

(1.99, 3.61)

0.56

0.16

0.00**

1.75

(1.29, 2.37)

0.15

**

1.65

(1.23, 2.22)

**

0.09

-0.06
-0.44
1.08
0.00

0.5

Constant
-2.42
*
Significance at the 0.05 level.
**
Significance at the 0.01 level.
C.I. = Confidence Interval.

0.17

0.001
0.00
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5

DISCUSSION

This study attempted to answer several research questions as follows. Where are the
counties with elevated radon levels in the Atlanta metropolitan area? What risk factors contribute
to the radon above 4.0 pCi/L, the U.S. EPA’s recommended action level? With geospatial and
statistical techniques, these questions could be answered.

5.1

Radon hot spot analysis
The radon hot spots were found in the east of Douglas, the northwest of Fulton, the

northeast and south of DeKalb, and the south of Gwinnett County. On the U.S. EPA radon
potential map, all four counties were contained in zone 1 (the highest potential radon above 4.0
pCi/L). The U.S. EPA radon potential map was created on the basis of not only the radon
measurements but also geology, aerial radioactivity, soil parameters, and foundation types.
Despite the limitations of using only the short-term radon tests, the radon hot spots in this study
were all successfully included in zone 1 (The U.S. Environmental Protection Agency, 2019a,
2019b). Identifying four counties with radon hot spots suggested that additional radon screenings
and further analysis should be conducted to understand radon emissions in these areas better. On
the other hand, this study's uneven distribution of radon tests may make the accurate
identification of radon hot spots in the southwest areas difficult. The sparse samples in the
southwest areas may underestimate the severity of radon problems, as revealed in a recent study
(Dai, 2022). One potential solution is to perform new random sampling in densely sampled areas
(the northeast counties) and compare the results to those in sparsely sampled areas (southwest
counties), such as Douglas County.
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5.2

Correlation analysis
Most factors analyzed in this study were correlated with radon above the action level (4.0

pCi/L), proving their significance. For bedrock types, the conclusion that the granite and
orthogneiss were positively associated with radon above the action level was in line with previous
studies that concluded that high uranium contents of granites contribute to elevated radon levels
(Martins et al., 2013; Skeppström & Olofsson, 2007). For housing characteristics, housing age was
not correlated with high radon levels, rejecting the initial hypothesis of a positive correlation
between housing age and radon levels because of cracks and fractures in older houses. Though the
cracks and fractions do affect the radon level, the older houses may be remodeled or repaired,
which would block radon from entering the houses. Therefore, the housing age itself cannot be
used to estimate the radon risk without additional information about housing renovations or
repairs. Besides, some studies described that newer houses could have even higher radon levels
than the older ones because of insulated construction materials (Valmari et al., 2012). Thus,
insulating materials should be considered along with the foundation conditions when evaluating
the high radon levels. The main exterior wall types (wood, brick, stone, and concrete) were not
statistically significantly correlated with radon above the action level. Rather, only stucco and
vinyl/aluminum (more uncommon types) had a weak correlation with radon above the action level.
However, since they accounted for only 9.2% of the total exterior wall types, further analysis is
necessary to examine the influence of the exterior wall type on radon potential. The presence of a
basement showed the highest correlation with radon above the action level. Many previous studies
emphasized that the reasons behind this high correlation were the lower ventilation rates and direct
contact between the house’s foundation and the soil in which the radon enters (Kellenbenz &
Shakya, 2021; Xie et al., 2017). Lastly, tests in cold seasons were positively correlated with radon
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above the action level, with the potential cause being the low ventilation rates in cold seasons
(Kellenbenz & Shakya, 2021).

5.3

The confluent impact of risk factors on the likelihood of radon above the action level
This study presented four significant risk factors for radon above the action level—the

granite and orthogenesis bedrock, the ranch-style house, the presence of a basement, and testing
in cold season—while accounting for other factors. The houses on granite and orthogenesis were
more likely to have radon above the action level. This result suggested that the elevated radon level
was likely associated with granite with high uranium content. Therefore, the houses on granite and
orthogenesis should be prioritized for indoor radon screening. This study used only bedrock type
as a geology factor, given the lack of clear fault delineation and description in the geologic map of
Atlanta (Higgins et al., 2003). For a more accurate analysis of the influence of geology, the future
study should include the fault lines and soil permeability. The fault line can be a pathway to
emanate radon from bedrock to soil and into the house (Martins et al., 2013). Soil permeability
can directly involve the amount of radon entering indoors (Kitto & Green, 2008).
The housing story was a risk factor for radon above the action level. The conclusion that
houses with two or more stories were less likely to have radon above the action level than 1-story
houses evidenced that houses with two or more stories could have better air circulation than 1story houses. The most potent risk factor for radon above the action level was the presence of a
basement. This finding was in agreement with previous studies that the low ventilation rate and
the direct contact between the house’s foundation and ground surface allow more radon to
accumulate in the basement, eventually increasing the indoor radon levels (De Francesco et al.,
2010; Kellenbenz & Shakya, 2021; Xie et al., 2017). Additionally, given that presence of a
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basement is a significant factor, geology and the presence of a basement could predict radon above
the action level. The housing price could be an indicator of housing maintenance and is associated
with radon testing rates (Dai, 2022). Therefore, future studies may analyze how the housing value
is correlated with the indoor radon level and how it influences the radon above the action level.
Tests in cold seasons (autumn, winter, and spring) were more likely to have radon levels
exceeding the U.S. EPA’s action level than tests in summer. This conclusion aligned with existing
studies that suggested higher radon levels in cold seasons and lower radon levels in hot seasons
(Giri & Pant, 2018; Kellenbenz & Shakya, 2021; Kitto & Green, 2008). In a subtropical climate
with four seasons, the houses may be more tightly sealed and heated in cold seasons. As a result,
tests in cold seasons may be higher than tests in summer. Retesting houses in cold seasons may
help gather a more reliable understanding of radon accumulation. The best solution may be to
collect longitudinal data on radon levels of houses across seasons to understand the seasonal
fluctuation. Additional meteorological parameters should be analyzed to understand better the
seasonal variation of radon levels, such as the seasonal difference in the soil moisture and air
pressure.

5.4

Limitations and future direction
Radon test data has a selection bias because this data does not capture the entire testing

activities in the area. Radon sampling was conducted unevenly in the study area: densely in the
northeast areas and sparsely in the southwest areas. Therefore, future studies should obtain tests
from other companies to validate the findings from this thesis. In addition, the radon data utilized
throughout the study were obtained from one-time measurements, which may not reflect the
variability over various seasons or years. In this study, the total number of radon tests above 4.0
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pCi/L (n=580) was only one-fifth of the that of tests below 4.0 pCi/L (n=2,979), which potentially
led to low predictive power in the binary logistic regression model. A similar total number of radon
tests above and below 4.0 pCi/L may be more advantageous for developing a robust model.
Therefore, future studies could consider incorporating other radon data sources to improve the
model’s predictive power and mitigate this issue. All of these challenges mentioned above
regarding radon data highlight the need for strategic radon testing campaigns, which would be
particularly beneficial in providing the public with a better understanding of radon's spatial
distribution and risk factors.
This thesis obtained the bedrock type data by digitizing a geologic map (Higgins et al.,
2003). However, digitization in GIS using the raster-based geologic map may introduce errors.
Besides, the geologic map was modified several times over a long period with reference to existing
geology maps from 1963 to 1993 (Higgins et al., 2003). The Higgins geological map was the most
recent map showing the distribution of granite and orthogenesis bedrock strongly correlated with
high radon levels. But the scanned geologic map available on the USGS site makes it difficult to
identify the exact boundary of each rock type. When overlaying with the radon point data, some
radon points may be associated with inaccurate rock types.
Though it is ideal to consistently collect data from one reliable source, missing housing
data for two counties (Gwinnett and Clayton County) made using multiple data sources inevitable.
The housing descriptions may be inconsistent across different data sources. To address this
inconsistency, obtaining data directly from each county’s tax assessor office may be considered
for future studies. Lastly, this study suggested that houses with a basement were more likely to
have radon above the action level than those without a basement. However, some houses with a
basement measured radon on the first or second floors, not in the basement, introducing
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confounding variables. In order to better clarify the association between the presence of the
basement and radon level, there should be additional studies that focus on different radon levels in
multiple radon testing locations in a house, such as a basement, 1st floor, or 2nd floor. Furthermore,
given that basement is a significant factor in radon accumulation, future studies may investigate if
the combination of basement presence and geology may be used to estimate radon risks.

6

CONCLUSION

This study was developed in response to the increasing demands for a safer indoor living
environment during the pandemic. The first goal of this thesis was to identify the hot spots with
high radon levels in Atlanta metropolitan area by utilizing the optimized hot spot analysis. The hot
spots were found in four counties: the east of Douglas, the northwest of Fulton, the northeast and
south of DeKalb, and the south of Gwinnett. On the U.S. EPA radon potential map, these counties
with multiple hot spots were classified into zone 1 (the highest radon potential above 4.0 pCi/L).
In order to reduce radon exposure in these areas, it would be beneficial to engage homeowners
directly on the issue, such as through routine radon testing, educational radon campaigns, and
supportive surveillance.
Furthermore, this study attempted to find significant risk factors affecting the radon above
the action level. This thesis demonstrated four risk factors with statistical significance: the granite
and orthogneiss, the ranch-style house, the presence of a basement, and testing in cold seasons.
These significant risk factors may help determine more effective identifiers of the houses with
elevated radon levels.
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These findings would improve the residents’ awareness of the hazardous high radon and
encourage them to take appropriate actions such as periodic radon tests, frequent ventilation, and
radon reduction system installation. Moreover, this study may aid the decision-makers in local
governments in organizing radon testing campaigns, identifying the radon-prone areas, and
strengthening the surveillance to reduce health risks from radon.
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